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Summary
Objective: Numerous methods for isolation of human chondrocytes are reported in the literature, most based on isolation from animal carti-
lage. Normal human articular cartilage (NHAC) poses particular problems for isolating chondrocytes when compared to animal or other types
of human cartilage: a hardy matrix, combined with few and friable chondrocytes makes isolation difﬁcult. Our objective was to develop an
efﬁcient method of isolating chondrocytes from NHAC without jeopardising the viability of these cells.
Design: In this study we demonstrate that lowering the enzymatic digestion temperature to 27(C increases cell yield and chondrocyte viability.
We then optimised this low temperature isolation of chondrocytes from NHAC by comparing the relative efﬁcacies of trypsin and protease and
hyaluronidase in combination with different types of collagenase (I, II and XI) at releasing chondrocytes from their surrounding cartilaginous
matrix. Enzymes were tested at different concentrations and for differing times. Outcome measures included determining the amount of car-
tilage digested, the number of viable chondrocytes isolated per gram of cartilage and cell adherence rates.
Conclusions: From these set of experiments, the method that maximised cell yield without jeopardising cell viability proved to be a two stage
process: pre-digestion step using trypsin for 15 min; followed by overnight digestion with a combination of two types of collagenase (types I
and II) and at a lower temperature of 27(C. This has resulted in an efﬁcient and robust method of releasing chondrocytes from cartilage, with-
out jeopardising the viability of these cells.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
The numerous methods for isolating human chondrocytes
from cartilage described in the literature are mainly based
on methods developed for digesting animal material; there
is little published data on optimisation or objective
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2005.89comparison of these methods for normal human articular
cartilage (NHAC)1. NHAC matrix is predominately com-
posed of water, collagen ﬁbrils (type II with smaller amounts
of types VI, IX, and XI) and a ground substance composed
almost entirely of the proteoglycan aggrecans2,3. Chondro-
cytes are sparsely distributed throughout this extracellular
matrix, cellular density varying between healthy and osteo-
arthritic specimens4,5, tissue source6, depth2 and maturi-
ty7,8 of the cartilage. Current methods of chondrocyte
isolation are based on degrading the extracellular matrix us-
ing various enzymatic digestion techniques: collagenases
to digest the collagen network, proteinases or trypsin for
the core protein of proteoglycans, and hyaluronidases to
cleave the hyaluronan component of the extracellular matrix.
Chondrocyte isolation protocols differ widely with respect to
the enzymes used, concentrations, combination and incuba-
tion times1. Two stages of chondrocyte isolation are pre-
digestionwith a proteolytic enzyme, either trypsin or protease
(pronase), followed by digestion with a collagenase is typi-
cal1,9e11. Hyaluronidasesmay be included at either digestion
step. All published protocols carry out digestion at 37(C.
Difﬁculty in isolating high numbers of viable chondrocytes
has been reported by other authors, with viable chondrocyte
90 N. C. Hidvegi et al.: Low temperature method of isolating chondrocytesyields of just 19% of the total available in native cartilage,
when using an optimised protocol1. We felt that one of the
reasons could be the incubation with proteolytic enzymes
at 37(C. It has been shown in cell isolation techniques for
more friable tissues such as pancreas and heart that lower-
ing the isolation temperature increases the yield and func-
tional viability of the cells12,13. In this study we compare
the chondrocyte yield and viability after enzymatic digestion
both at 37(C and at 10(C lower temperature (27(C). We
also investigated the ability of the cells to attach after isola-
tion; unattached chondrocytes do not proliferate, therefore
we felt that it was crucial to establish whether changes in
isolation protocols affected this measure of chondrocyte
function. This study optimises both the digestion steps, at
this lower temperature, comparing enzyme types, concen-
trations and digestion times in order to achieve a balance
between matrix digestion and cellular preservation. From
these set of experiments, the optimal method proved to
be a two stage process: pre-digestion step using trypsin
for 15 min; followed by overnight digestion with a combina-
tion of two types of collagenase (types I and II) and at a low-
er temperature of 27(C. This has resulted in an efﬁcient and
robust method of releasing chondrocytes from cartilage,
one that maximised cell yield without jeopardising the func-
tional viability of these cells.
Materials and methods
SPECIMEN ISOLATION
Normal, human articular cartilage was obtained from 20
age-matched patients undergoing femoral hemi-arthroplas-
ties for fractured neck of femur (mean age 72 years, range
66e89 years). The Royal Free Ethics Committee approved
this study and full informed consent was obtained from the
patient, in accordance with ethical approval guidelines. The
cartilage used in this experiment had no macroscopic signs
of osteoarthritis, and was dissected from the femoral head,
taking care to exclude subchondral bone or connective tis-
sue. This tissue was ﬁnely minced into 1 mm3 pieces using
aseptic technique. The pieces were then washed three
times in sterile phosphate buffered saline.
MATRIX DIGESTION
The cartilage was subjected to various sequential enzy-
matic digestion methods, as described in the individual
experiments (see Table I). The enzymes were dis-
solved inHEPES (N-2-Hydroxyhydroxyethylpiperazine-N#-2
ethane sulphonic acid) buffered Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM) (Gibco, UK) supplemented with
50 units/50 mg/ml penicillin/streptomycin (Gibco, UK),
2.5 mg/ml amphotericin B (Gibco, UK), 2 mM L-glutamine
(Gibco, UK) and 10% foetal bovine serum (FBS) (media
1) and ﬁlter-sterilised by passing through a 0.2 mm ﬁlter.
Ten millilitres of this solution was used per gram of cartilage
and the resulting cartilage/enzyme solution suspension was
agitated at 27(C.
After pre-digestion, the cartilage pieces were allowed to
settle and the supernatant was discarded. The partially di-
gested cartilage pieces were washed twice in DMEM with
10% FBS (media 2) to neutralise any remaining proteolytic
enzymes and then subjected to overnight digestion in
media 1 containing the relevant enzyme or combination of
enzymes. After overnight digestion, the solution was ﬁltered
through a sterile 70 mm nylon mesh (Nybolt) to removeT
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91Osteoarthritis and Cartilage Vol. 14, No. 1undigested debris. The wet weight of cartilage was mea-
sured pre- and post-digestion to determine the percentage
of cartilage digested. The ﬁltrate was centrifuged at
400! g for 6 min to pellet the cells. The supernatant was
discarded and the pelleted cells were washed in DMEM,
supplemented with penicillin/streptomycin 50 U/50 mg/ml,
amphotericin B 2.5 mg/ml, 2 mM L-glutamine and 10% FBS
(media 3) and centrifuged at 400! g for 6 min. The cells
were then resuspended in 5 ml of the same media. Cell
count and viability was ascertained using a haemocytometer
and trypan blue dye exclusion.
CELL CULTURE
The remaining cells were resuspended in media 3 and
plated out into sterile six-well tissue culture plates (Falcon).
These were maintained in a humidiﬁed incubator at 37(C,
5% carbon dioxide and remained undisturbed for 48 h to
allow the cells to adhere.
CELL ADHERENCE
Cell adherence to the plate surface was assessed at
48 h. The media that contained any non-adherent cells
were removed and spun at 400! g for 6 min. The cell pellet
was resuspended in 5 ml of media and cells were counted
using a haemocytometer.
STATISTICAL ANALYSIS
The mean and standard error of the mean for each pa-
rameter were obtained for each group. Statistical analysis
was performed with one-way analysis of variance with
post hoc Tukey’s multiple comparison test. Values of
P! 0.05 were considered signiﬁcant. The statistics were
calculated using Graphpad Prism version 3.0.
Experiment 1
To examine the effect of collagenase digestion at lower
temperatures, cartilage specimens from four patients
(mean age 70 years, range 66e84 years) were subjected
to collagenase digestion overnight at both temperatures
(27(C and 37(C). The collagenases used were collage-
nase Ia (C-9891, Sigma, UK), II (C-6885, Sigma, UK)
and XI (C-9407, Sigma, UK) at a concentration of 600 col-
lagenase digestion activity units (CDA)/ml of media 1 for
digestions at 37(C. In order to examine the effect of tem-
perature alone on the viability of the cells, we tested the
relative activity of collagenases at lower temperatures
[see Fig. 1(a)] and showed that the collagenase digestion
activity at 27(C was approximately three-quarters of that
at 37(C, therefore the concentration of the collagenases
was adjusted accordingly, i.e., the collagenase concentra-
tion was increased to 800 CDA/ml of media 1 for digestion
at 27(C.
RESULTS
Despite the fact that a greater proportion of the cartilage
was digested at 37(C, a signiﬁcantly greater number of vi-
able cells were isolated at 27(C as a large proportion of thecells died whilst being incubated and agitated at the higher
temperature [see Fig. 1(b)]. This was evident by the relative
paucity of viable cells isolated at 37(C, an almost equiva-
lent number to those released at 27(C despite roughly
twice as much cartilage being digested. We therefore con-
tinued to optimise a chondrocyte isolation procedure at
the lower temperature of 27(C.
Experiment 2
All following experiments compared the relative efﬁcacies
of the enzymes trypsin XII-S (T9935, Sigma, UK), protease
K (P6556, Sigma, UK), hyaluronidase III (H-2251, Sigma,
UK) and three commonly used types of collagenase (types
Ia, II and XI) at isolating chondrocytes in different combina-
tions, concentrations and time periods. The different experi-
ments are detailed in Table I below, and all digestions were
carried out at 27(C.
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Fig. 1. (a) Graph to show how the activity of collagenases (types I, II
and XI) varies with temperature. The activity is expressed as a per-
centage of the activity at 37(C (the absolute activity) calculated us-
ing Collagenase Chromophoric Substrate Kit (Sigma, UK). This
is a colourimetric assay based on the Wuensch and Heidrich
method14,15. (b) Graph to show how the number of isolated viable
chondrocytes varies with digestion temperature (either 27(C or
37(C) and type of collagenase used (types Ia, II or XI). *Denotes
signiﬁcantly different (P! 0.05) cell viability when compared to
digestion with the same enzyme, at 37(C. There was no signiﬁcant
difference between the enzymes at either temperature. Error bars
represent standard error of the mean.
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The results of experiment 2 are detailed in Fig. 2 and
demonstrate that a 15 min pre-digestion with trypsin at
a concentration of 25,000 IU/ml of media 1, followed by
overnight digestion with collagenases I and II, both at a con-
centration of 800 CDA/ml of media 1 at 27(C gives the
optimal combination of matrix digestion and cellular preser-
vation, resulting in the highest numbers of isolated function-
ing chondrocytes.
Discussion
Despite trying several of the published methods for the
isolation of human chondrocytes we found yields of viable
cells from healthy cartilage unacceptably low. We hypothes-
ised that this is due to the higher temperature used for en-
zymatic digestion. As shown by our ﬁrst experiment, a lower
digestion temperature combined with higher enzyme con-
centrations results in high chondrocyte viability with efﬁcient
cartilage digestion.
All the samples we used in our experiment were from
elderly patients. Chondrocytes from this age group are
less numerous than cells obtained from younger articular
cartilage, and therefore greater care is needed in order
to obtain acceptable cell yields. The technique described
here has subsequently been applied to cartilage harvested
from patients of all ages, and has consistently resulted in
high yields of viable cells. So far we have isolated cells
from 32 patients (mean age 45 years, range 8 monthse94
years) with an average cell yield of 1.68! 106/gram of
cartilage and 100% viability. We believe that the low tem-
perature method we have developed achieves a balance
between matrix digestion and cellular preservation and
provides a reliable way of extracting the maximum number
of functionally viable cells from normal, human, articular
cartilage from tissue of all ages. This method represents
a considerable improvement on previously described
methods for the isolation of human chondrocytes from
articular cartilage.
Fig. 2. Graphs aed show the results of experiment 2 aed, respec-
tively. Error bars represent standard error of the mean. (a) Graph to
show amount of viable cells per gram cartilage after no pre-
digestion or pre-digestion with either protease or trypsin, followed
by digestion with different types of collagenase (types Ia, II or XI).
*Denotes signiﬁcantly different (P! 0.05) cell viability when com-
pared to trypsin pre-digestion followed by collagenase II digestion.
Error bars represent standard error of the mean. (b) Graph to show
number of attached cells!105 per gram of weight of cartilage after
pre-digestion with trypsin at two different concentrations (12,500
and 25,000 IU/ml) and for different time periods (15, 30 and
60 min). *Denotes signiﬁcantly different (P! 0.05) cell adherence
when compared to other methods of isolation. (c) Number of adher-
ent cells per gram of cartilage after digestion with collagenase type
Ia or XI at either 400 or 800 CDA/ml. All digestions are in combina-
tion with 800 CDA/ml collagenase II. *Denotes signiﬁcantly different
(P! 0.05) cell viability when compared to other types of digestion.
(d) The effect of hyaluronidase at two different concentrations, and
at both the pre-digestion and post-digestion stages when compared
to the control digestion technique. Control refers to the optimised
protocol we had developed so far, namely a pre-digestion with tryp-
sin at a concentration of 25,000 IU/ml for 15 min, followed by over-
night digestion with collagenases I and II, both at a concentration of
800 CDA/ml of media 1. *Denotes signiﬁcantly different (P! 0.05)
cell viabi l i ty when compared to other types of digestion.
O/NZ overnight.
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